We propose novel bosonic Technicolor models augmented by an SU (2)R gauge group and scalar doublet. Dynamical breaking of SU (2)R induced by technifermion condensation triggers SU (2)L breaking via a portal coupling. The scale of the new strong interactions is as high as that of composite Higgs models, and the vacuum stability challenge confronting ordinary bosonic Technicolor models is avoided. Thermal or asymmetric dark matter, whose stability is ensured by a U (1)TB technibaryon symmetry, can be realized. In the latter case, the correct relic density can be reproduced for a wide range of dark matter mass via leptogenesis.
INTRODUCTION
Extensions of Technicolor (TC) [1, 2] and Composite Higgs (CH) [3] models with dynamical SM fermion mass generations are challenging and complex [4] [5] [6] [7] .
In bosonic Technicolor (bTC) [8] [9] [10] [11] and partially composite Higgs (pCH) [3, 12, 13] models, the dynamical fermion condensates are instead coupled to an elementary SU (2) L scalar doublet H L via Yukawa interactions. SM fermion masses are generated via four-fermion operators by integrating out H L [8] or via an induced vacuum expectation value (vev) of H L [3] . In the latter case the electroweak (EW) boson masses originate from both the fermion condensate and the vev. As a result, the EW scale is v EW = (v 2 L + f 2 sin 2 θ) 1/2 = 246 GeV where v L is the vev of H L , f is the Goldstone-boson decay constant of the composite sector, and the angle θ parameterizes the vacuum misalignment with sin θ = 1 being bTC.
In bTC the scale f is therefore below the EW scale such that new resonances from the strong dynamics can significantly modify EW precision observables and hence be severely constrained [14, 15] . Furthermore, in bTC models the Higgs quartic coupling at the EW scale is typically smaller than that of the SM (due to additional bTC contributions to the Higgs mass), but the top Yukawa coupling becomes larger. These two effects combined will usually turn the running quartic coupling negative below the bTC cut-off scale, leading to an issue of low-scale vacuum instability [14] . These challenges can be alleviated in pCH models because of the high compositeness scale f [12, [16] [17] [18] .
On the other hand, another motivation for TC and bTC models was asymmetric technibaryon dark matter (DM), connecting the baryon and DM densities [19] . The lightest composite technibaryon is stable due to a U (1) T B asymmetry associated with technibaryon number T B. Similar to the lepton and baryon numbers L and B, T B is preserved up to anomalous SU (2) L sphalerons, yielding a relation αL + βB + γT B = 0, where the coefficients depend on particles involved in the sphalerons. In this case, sphalerons can transfer asymmetry among L, B and T B [20] . But in the (p)CH models the vacuum explicitly breaks the U (1) T B symmetry.
In this work, we propose a new class of bTC models, denoted by RbTC, with an augmented electroweak sector SU (2) L × SU (2) R × U (1) Y in addition to the the strongly-interacting gauge group G T C . An SU (2) R doublet H R is introduced and couples to tech-nifermions (charged under G TC and SU (2) R ), the condensation of which induces a vev of H R , breaking the SU (2) R symmetry. Then via a portal coupling −λ LR (H † L H L )(H † R H R ), a negative mass for H L (identified as the SM Higgs doublet) is generated, breaking the SU (2) L symmetry. All in all, we have
Different from conventional bTC models, where technifermions couple directly to H L and thus can modify electroweak observables significantly because of f < v EW , in RbTC the scale f is not directly related to v L and can be above TeV: v L (= v EW ) < v R < f in regions of interest. Furthermore, contrary to the positive contribution from technifermions to the SM Higgs mass in bTC, the SM Higgs boson receives a negative mass contribution via the portal coupling and mixes with the neutral component of H R , leading to a larger quartic coupling and a smaller top-quark Yukawa coupling. Consequently, the issue of vacuum instability is solved.
The RbTC vacuum still preserves a global U (1) TB symmetry and the lightest composite state of technifermions charged under this U (1) TB can be electrically neutral and therefore a DM candidate. If SM fermions are also charged under SU (2) R , the sphalerons of SU (2) L,R can transfer asymmetry among L, B and T B. As we shall see below both thermal DM and asymmetric DM (ADM) candidates arise in the RbTC framework.
The SM gauge group is extended with an SU (2) R and a strongly-coupled G T C gauge groups,
where the SM hypercharge is given by Y = T 3 R + Y . We restrict to minimal TC sectors with an SU (2) R doublet (C R , S R ) in the representation R under G T C and SU (2) R singletsC R ,S R in the conjugated representation. The global symmetry in the TC sector is SU (2) × SU (2) × U (1) T B if R is complex and is enlarged to SU (4) if R is (pseudo-)real.
By virtue of minimality, we choose G T C = SU (2) T C . In the first model discussed below, R is the pseudoreal fundamental representation of SU (2) T C . In the second model, R is the real adjoint representation under SU (2) T C . It is straightforward to generalize to other (pseudo-)real or complex representations.
In the pseudo-real and real R, the condensation of Q T i Q j is a linear combination of SU (2) R -breaking vacuum E B∓ (so-called TC vacuum) and SU (2) R -preserving one E − : E = sin θE B− + cos θE − with
where E B+ is for the real representation while E B− is for the pseudo-real case. As DM stability is ensured by U (1) T B which remains unbroken only under E B∓ , it is paramount that θ = π/2 is dynamically realized.
Model 1 -Thermal technibaryon DM
In this model, only the TC fermions and the H R doublet are charged under the SU (2) R while the SM fields including the H L doublet are gauged as in the SM. The particle contents of interest are summarized in Table I . The relevant Lagrangian describing the new strong sec- tor and the elementary doublets consist of three parts: kinetic terms, Higgs potential and Yukawa couplings between Q and H R
Below the condensation scale, Λ RbTC ∼ 4πf , the global symmetry G breaks down to a subgroup H and we parameterise the composite Goldstone bosons Π a in the coset G/H by
where X a are the broken generators. In our case, G = SU (4) and H = Sp(4), SO(4) with dim(G/H) = 5, 9 for the pseudo-real and real representations, respectively. The generators are listed explicitly in Appendix. In terms of Σ and the gauge fields, the kinetic terms read
where
containing the gauge fields
with
as the first two elements of Q, (C R , S R ), are embedded in the SU (2) R doublet. In light of the SU (2) L,R gauge symmetry, the most general renormalizable potential of H L,R is
with A = (L, R), and λ LR > 0. As mentioned above, the H L,R mixing term with a negative coefficient can induce a vev of H L after H R develops a vev, even if the H L has a positive mass term, m 2 L > 0. This scenario is quite similar to Gauged Two Higgs Doublet Model where the vev of SU (2) L is generated by a vev of another non-abelian group SU (2) H [21] .
Finally, Yukawa couplings of Q to H R are included:
where α and β are the SU (2) L,R indices with αβ = δ α1 δ β2 − δ α2 δ β1 , 2(P α ) ij = δ iα δ j3 ∓ δ i3 δ jα and 2( P α ) ij = δ iα δ j4 ∓ δ i4 δ jα [17] . The − (+) sign corresponds to pseudo-real (real) representations of R. It is clear that the condensation results in a linear term in H R , implying a nonzero vev of H R and thus breaking SU (2) R regardless of the mass term m 2 R . Below the condensation scale, the interactions lead to an effective potential [13] V 0 eff =4πf 3 Z 2 y C αβ H Rα Tr P β Σ T + y S H * Rα Tr P α Σ T +h.c.) ,
where Z 2 is a non-perturbative O(1) constant [22] . For simplicity, we set y C = y S ≡ y CS /2. So far, the scalar potential contains two components: V (H L , H R ) and contributions from the previous Yukawa coupling. However, due to the fact the SU (2) R × U (1) Y gauge symmetry explicitly breaks the global symmetry group SU (4), there exists another contribution to the effective potential which can destabilize the TC vacuum [23, 24] . The corresponding gauge contribution is
with C g ≡ C g (3g 2 R + g 2 Y ) for the pseudo-real representation and C g = 0 for the real one. The C g is a loop factor, assumed to be of O(1) here. In the following computation on minimization and Higgs masses, we study the pseudo-real case but results of the real R can be obtained simply by E B− → E B+ . The total effective scalar potential becomes
where the expression is written in terms of real, neutral components of the doublets, h L,R . The condition of the vacuum being a minimum is the vanishing of the first derivatives ∂V eff /∂x i with respective to x i = h L , h R , and θ, evaluated at (v L , v R , π/2), respectively. It yields
while 0 = ∂V eff /∂θ| θ=π/2 is automatically satisfied. Moreover, this minimum is stable if eigenvalues of the matrix of the second derivatives (the Hessian) ∂V eff /∂x i ∂x j are positive and if the potential is bounded from below for large field values in all directions (e.g., Ref. [25] ). In addition, for the minimum to be the TC vacuum we require s θ = 1, which is non-trivial for the pseudo-real representations. All in all, we have the following constraints
where the first criterion ensures θ = π/2 is a stable minimum, i.e., the TC vacuum with unbroken U (1) TB . The mass matrix of the CP-even scalars h L,R is
where M 2 = 4 √ 2πZ 2 y CS f 3 v R + 2λ R v 2 R , and 2λ L v 2 L would be the SM Higgs mass expression given v L = 246 GeV with λ L = 0.13. The resulting mass eigenstates are
In the limit of small α, the masses of h 1,2 are
where h 1 is identified as the 125 GeV Higgs boson. Therefore, the value of λ L is larger than that of the SM in order to compensate the negative contribution from the mixing, while the Higgs-fermion and Higgs-gauge couplings are reduced by a factor of c α . In this case, a very SM-like Higgs boson and vacuum stability to a high scale is easily attained unlike ordinary bTC models. In Fig. 1 , assuming (v L , v R , f , λ R , y CS , s α ) =(246 GeV, 3 TeV, 5 TeV, 0.5, 1, < 0.05), the purple region satisfies Eq. (16) and m h1 = 125 GeV. The blue region is further constrained by m 2 L , m 2 R > 0. That is, both SU (2) R and SU (2) L symmetry breaking are induced by strong dynamics. In the two regions, the value of λ L can be much larger than the SM value marked by the red dashed line. The Goldstone bosons h ± L andh L are eaten by the W ± , Z bosons, and the masses of the gauge bosons are the exactly same as in the SM at tree level since v L = v EW . On the other hand, as can be seen from Eq. (6) the SU (2) R W ± R and Z R absorb linear combinations of h ± R , h R and Π 1,2,3 and become massive:
The identification of absorbed Goldstone bosons and the mass spectrum of physical scalars are discussed in Appendix.
To demonstrate that the correct DM relic density can be obtained, we study the DM annihilation cross-section in the pseudo-real R. The DM candidate is the neutral complex Goldstone boson carrying a U (1) TB charge of 2
It receives a mass from gauge interactions and the Yukawa interaction in Eq. (12)
wherem is O(f ) [23, 26] . The kinetic term in Eq. (6) gives rise to a contact interaction of Π CD with the SU (2) R gauge bosons: −(g 2 R /2)W + Rµ W − ν R Π CSΠCS , implying the DM annihilation cross-section is
where t = m 2 Π CS /m 2 W R . The desired cross-section of 3 × 10 −26 cm 3 /sec for the correct DM density can be easily attained, given g R ∼ O(1) and m Π m W R ∼ TeV.
Model 2 -asymmetric technibaryon DM
In this model, the SM right-handed charged leptons R and additional right-handed neutrinos ν R form SU (2) R doublets, l R = (ν α α ) T R with α = (e, µ, τ ). The particle contents and quantum numbers are summarized in Table II . The technifermions are in the adjoint representation and the model is free from gauge and Witten anomalies. The quarks obtain masses via Yukawa couplings of H L , analogous to the SM. In contrast, lepton masses and couplings to the Higgs h 1 are realized via Yukawa couplings with new charged and neutral vector-like massive fermions, N ± and N 0 , respectively:
where the flavor indices are suppressed and H = H * . By integrating out the heavy N ± and N 0 fermions, one obtains the lepton masses:
Since m ,ν v L , m ± N and m 0 N can be much larger than v R , given O(y (L,R) ) ∼ 1, which justifies integrating out N ± and N 0 .
If both the SU (2) L and SU (2) R sphalerons are in equilibrium at temperatures T > f , one has:
where L L(R) = e,µ,τ 2µ l L(R) , B = 3 (2µ q L + µ u R + µ d R ) ,
refer to asymmetries in the lepton, baryon and TC sectors. After taking into account the sphalerons, Yukawa interactions and U (1) Y neutrality conditions with µ W = µ W R = 0, all potentials can be rewritten in terms of two unconstrained chemical potentials, chosen to be µ l L and µ l R . That is the reason why both L L and L R are needed in Eq. (27) . As demonstrated in Appendix, the final T B and B have different dependence on the initial values (denoted by the superscript i)
implying that final B and T B can be uncorrelated. To generate an initial asymmetry, one can resort to leptogenesis [27] by having N 0 be a Majorana fermion (instead of being vector-like) and decay asymmetrically and out of equilibrium into both l L + H L (L i L = 0) and l R +H R (L i R = 0). The asymmetries are controlled by the Yukawa couplings y L and y R in Eq. (25), respectively. In this case, one can obtain the correct relic density of ADM for any mass by adjusting y R . In contrast, to achieve the correct relic density in simple TC scenarios, one usually has to rely on the Boltzmann suppression to reduce the number density of heavy ADM, given µ B ∼ µ T B [20] .
CONCLUSIONS
We have proposed a novel class of extended bTC models, featuring SU (2) L × SU (2) R × U (1) Y electroweak symmetry with an SU (2) R doublet and an SU (2) L doublet scalars, identified as the SM Higgs doublet. The technifermions are charged only under the SU (2) R × U (1) Y and the condensation triggers SU (2) R breaking, which in turn renders SU (2) L symmetry broken. In this scenario, the compositeness scale is much larger than the electroweak scale, and the Higgs quartic coupling can be much larger than the SM value. That implies the models do not suffer from the problems of vacuum stability which plague ordinary bTC models.
In this framework we obtain DM candidates whose stability is ensured by an unbroken U (1) T B symmetry. In the first model we considered where the SM fermions are not gauged under SU (2) R , the DM relic density can be thermal. In the second model where the SM leptons are also charged under SU (2) R , the SU (2) L,R sphalerons can transfer particle asymmetries among leptons, baryons and technifermions. Asymmetric DM can then be realized via leptogenesis.
The two exemplary models are not very constrained by collider searches or direct detection experiments as the strongly-interacting sector does not directly couple to the SM sector but only via the H L -H R mixing and in the second model via SU (2) R interactions. However, the large Higgs quartic coupling can be tested in nextgeneration colliders and in the second model, the SU (2) R and DM particles can be potentially probed by future e + e − colliders, such as ILC [28] , FCC-ee (formerly known as TLEP [29] ) and CEPC [30] . We leave for future work detailed phenomenology studies as well as other possible charge assignments of SM fermions under SU (2) R and different strongly-interacting sectors.
where Π SS is the neutral DM candidate, and all of them carry 2 units of U (1) T B charge.
The mass contributions from the Yukawa interactions to S ± and S 0 are exactly the same as the Sp(4) case shown in Eq. (37). The other U (1) T B charged particles have
wherem 2 is O(f 2 ) [23, 26] . Clearly, Π SS is the lightest one and hence the DM candidate.
Chemical equilibrium conditions
We here follow the formalism employed in Ref. [35] to perform the analysis on the chemical potentials of equilibrium above the phase transition scale. That is, the potentials of W and W R are zero, and particles embedded in an SU (2) L or SU (2) R doublet have the same chemical potential, denoted by the potential of the doublet; e.g.,
Moreover, due to the CKM mixing matrix among quark generations and the common origin of the lepton mass in Eq. (25) , chemical potentials are the same among different generations. The Yukawa coupling interactions imply
while the neutrality condition of U (1) Y charges dictates
Note that we do not take into account Yukawa interactions of y L and y R in Eq. (25) as N 0 is assumed to be heavy and the couplings are required to be small to realize a neutrino mass of eV such that l L + H L ↔ l R + H R mediated by N 0 is not in equilibrium.
On the other hand, the SU (2) L,R sphalerons yields:
In light of the above constraints, all chemical potentials can be expressed as functions of two unconstrained chemical potentials chosen to be µ l L and µ l R . From Eq. (28), we can obtain the asymmetry of T B and L normalized to that of B as
with B = −4µ l L . Two conserved quantities, directions perpendicular to SU (2) L,R sphalerons in Eq. (27) , denoted as C 1 and C 2 are
which are invariant under two sphaleron processes. Thus, one can express the two unconstrained parameters µ l L and µ l R in terms of initial values of L L,R , B and T B by C initial 1,2 = C final 1,2 . The final asymmetry reads
where the superscript i refers to the initial values and it is clear that −L L + B and −2L R + T B are conserved. Note that in the context of ADM, the ratio of the number density of technibaryons (assuming a degenerate mass m T B ) to baryons at temperature T is linked to ratio of the chemical potentials as
where the function ζ(z) is given by
with η i = 1 (−1) for a boson (fermion). For a relativistic boson (fermion) with z 1, we have ζ(z) ≈ 2 (1). In case of m T B m B and µ T B ∼ µ B , a large suppression from ζ is needed to obtain comparable energy densities:
